The UV radiation survival curve of exponentially growing cultures of Escherichia coli B/r WP2 trpE65 was modified by pretreatment for short incubation periods (up to The growth medium, culture conditions, UV irradiation technique, and determinations of viability and mutation frequency were as previously described (7). The growth medium was Davis minimal salts (Difco Laboratories)-glucose (10 glliter) supplemented with L-tryptophan (20 ug/nml). Solid agar medium (25 ml) in petri dishes for measurement of mutation and survival consisted of the above, medium lacking tryptophan but supplemented with 30 ml of nutrient broth (Difco) per liter and solidified with 15 g of Bacto-Agar (Difco) per liter.
The UV radiation survival curve of exponentially growing cultures of Escherichia coli B/r WP2 trpE65 was modified by pretreatment for short incubation periods (up to 20 min) with chloramphenicol such that an extended exponential section of intermediate slope appeared between the shoulder and the final exponential slope. Surges of mutation to tryptophan independence occurred with each increase in slope of the survival curve. These surges were separated by extended sections of little mutation. Nalidixic acid prevented both the changes in survival and mutation. Mutation curves obtained with overnight cultures had three extended sections of little mutation alternating with sections of high Imutation. Reincubation for 60 min in fresh medium reduced or eliminated the low-response sections. These reappeared after 80 to 90 min, when DNA had doubled in the culture and before the initial synchronous cell divisions had occurred. Nalidixic acid prevented this reappearance. It has been established that the UV radiation-induced mutation frequency response in bacteria often follows nonlinear kinetics (4) , which suggests (18) that (at least) two hits are required for induction. Witkin (19) has reviewed possible interpretations of these findings regarding the nature of the two hits.
Although plots of mutation frequency response to UV radiation on exponential coordinates are traditional, Doudney (6) (7) (8) , using plots of mutation frequency response with arithmetic coordinates, noted that with Eschrrichia coli B/r WP2 trpE65 (an ochre nonsense mutant strain) a more complex pattern of mutation frequency response is discernible. With intermediate fluences a linear mutation frequency response was seen, but with lower and higher fluences nonlinear responses, increasing with fluence, were evident. Sargentini and Smith (14, 15) and Sargentini et al. (13) have studied extensively a similar complex pattern of the lacZ53 (amber) nonsense reversion system.
We present here results which show that the UV mutation frequency response curve for reversion of trpE65 in excision repair-proficient bacteria may be rendered more complex,' containing in addition large sections where little increase in mutations is seen. This capacity for extended low mutation develops (i) during treatment before UV exposure with chloramphenicol, which blocks protein synthesis, (ii) during exhaustion of medium with overnight growth, and (iii) also transitorily toward the end of the initial cell division cycle, after reincubation of an overnight culture in fresh medium. Development of the low mutation frequency response can be blocked by nalidixic acid, which prevents DNA replication. The sections of low mutation are best ascribed to a dramatically increased capacity for error-free repair. The surges of error-prone repair leading to tryptophan requirement reversion appear to follow the ultimate UV inactivation of the extended capacities for error-free repair promoted by preincubation with chloramphenicol and are associated with an increase in UV lethality. MATERIALS (12) . The colorimetric determination was made with a Be%kman DU5 spectrophotometer. Salmon sperm DNA was used as the standard. Nalidixic acid, chloramphenicol, and L-tryptophan were obtained from Sigma Chemical Co.
RESULTS
Pretreatment with chloramphenicol. The UV radiation survival curve of exponentially growing E. coli B/r WP2 trpE65 (Fig. 1A) showed the typical shoulder (11 Effect of preirradiation incubation in the presence of chloramphenicol of an exponentially growing (EG) culture of E. coli WP2 on survival (A) and mutation frequency response (B) after UV radiation exposure. The surviving fraction is defined as the number of colonyforming bacteria present after UV exposure (N) divided by the number of such bacteria present before UV exposure (NO). The numbers labeling each curve indicate the minutes of preirradiation incubation in chloramphenicol (160 ,ug/ml)-containing medium before UV exposure. The effect of the presence of nalidixic acid (100 ,ug/ml) during preincubation of the exponentially growing culture for 20 min in chloramphenicol-containing medium is denoted by Nal, 20 . No line was fitted to these points as they fall along the same line as that fitted to the points (0) of the exponentially growing culture. MFD indicates an exponentially growing culture irradiated as indicated and the separate UV-exposed samples then incubated at 37°C for 1 h in medium lacking tryptophan before plating. The with chloramphenicol increased resistance somewhat in the the shoulder region and also extended the shoulder width slightly. Nalidixic acid prevented all of the increase in resistance promoted by preincubation with chloramphenicol for 20 min.
With the exponentially growing E. coli WP2 culture, the complex three-part mutation frequency response curve previously demonstrated (6-8) was obtained (Fig. 1B) . The initial response rate (up to 25 J/m2) increased with fluence, but the response rate from 25 to 45 J/m2 was constant with fluence. After 45 J/m2 a final surge in response was seen, with mutation reaching a plateau after 60 to 70 J/m2. It should be noted that this surge occurred just above that fluence which promotes the transition from the shoulder to the exponential region of the survival curve. Preincubation with chloramphenicol for increasing periods from 5 to 20 min decreased the response. The changes appeared to be a continuum. The initial response (up to 25 J/m2) was severely decreased, so that after 20 min of incubation little mutation was seen. With 20 min of chloramphenicol pretreatment, a small surge of mutation occurred after about 20 to 25 J/m2, but this was followed b a section of little mutation from 40 to 60 J/m2. After 60 J/m2 a second surge considerably greater in magnitude occurred, followed by an extended section of little mutation above about 80 J/m and a final surge above about 240 J/m2. It appears significant that in the case of each period of pretreatment with chloramphenicol the second surge began at that fluence when the initial transition in the survival curve occurred (i.e., from the shoulder to the intermediate slope) and the final surge began when the second transition in the survival curve occurred (i.e., from the intermediate slope to the final slope). Mutation, when it did occur, was comparable in magnitude to that seen with the exponentially growing culture, merely being delayed in occurrence by insertion of the extended sections of little mutation. Nalidixic acid prevented development of the delays in mutation frequency response.
Mutation frequency decline. Limiting protein synthesis after UV exposure leads to a marked decline in mutation frequency response (19) . This phenomenon has been designated mutation frequency decline. Mutations left after treatments causing maximum mutation frequency decline are mostly back mutations rather than mutations involving suppressors, since apparently only suppressor mutations in WP2 are subject to mutation frequency decline (19) . In Fig.  1B we show the frequency of mutations left after 1 h of postirradiation starvation for tryptophan, a treatment sufficient to produce maximum mutation frequency decline. It is evident that the frequency of back mutations left after any fluence was low relative to the frequency of suppressor mutations. Back mutations appeared constantly with fluence and probably represent a one-hit response. With cultures subjected to chloramphenicol pretreatment for 20 min, back mutations occurred at the same frequency as with the exponentially growing culture, i.e., the chloramphenicol treatment did not modify the mutation frequency response of the back mutation type. Back mutation response ceased after a fluence of 140 J/m2 after attaining a frequency of about 1.8 mutations per 105 survivors. Thus, the back mutation frequency was always low relative to the total mutation frequency. Subtraction of these mutations did not modify appreciably the shape of the mutation curves.
Modified mutation frequency response to UV during cell growth. We determined the response to UV of bacteria grown to stationary phase and the responses of this culture reincubated in fresh medium. When bacteria in stationary phase are reincubated in fresh medium, the initial growth period shows a tendency toward synchronization of DNA replication and cell division (5) . Cell division and DNA synthesis during a 170-min period in such a reincubated culture of WP2 are shown in Fig. 2 . The initial frequent cell division response started after 90 min of incubation and more or less ceased by 110 min. After that there was a period of little increase in cell numbers to about 160 min and then another period of frequent cell division. The initial doubling of DNA in the culture occurred before the initial period of cell division, and the second doubling took place before the next period of cell division. Addition of chloramphenicol limited DNA replication at about the time of the initial DNA doubling (5). This is apparently because of the requirement for protein synthesis for initiation of the DNA replication cycle demonstrated by Hanawalt et al. (10) .
A culture of WP2 grown to stationary phase demonstrated (Fig. 3A) a comparable mutation frequency response curve to that seen with chloramphenicol pretreatment, with a reduced initial response, compared with the exponentially growing culture (Fig. 1) , and three surges of mutation separated by extended sections of little mutation. To study changes in mutation after cell growth and division, we incubated the overnight culture in fresh medium for various periods before irradiation (Fig. 3) . A continuum of changes was seen so that the periods of little mutation were greatly reduced after 60 min (Fig. 3A) , and the pattern approached that seen with exponentially growing cultures (Fig. 1B) , except that a small plateau in mutation frequency response remained between 65 and 80 J/m2. The initial increasing section and the linear section reappeared resembling those seen with the exponentially growing culture.
After 60, 70, 80, and 90 min of incubation (Fig. 3B) It has been postulated that the transition from the shoulder FLUENCE (J/M2) to the exponential section occurs because of the inactivation FLUENCE or saturation of dark repair processes by DNA damage (11) . Hanawalt (9) has shown a marked expansion of the shoulder of the survival curve caused by prolonged preirradiation 25 incubation under conditions that prevent protein synthesis C (e.g., witholding a required amino acid). The fact that nalidixic acid, which inhibits DNA replication by interfering with DNA gyrase function (3), prevented development of increased resistance to lethality and mutation by incubation with chloramphenicol suggests that DNA replication is necessary for prolongation of the intermediate exponential region of the curve and the delays in mutation frequency response, although the possibility remains that some other effect of nalidixic acid on DNA, such as prevention of DNA supercoiling, is responsible. The possibility also remains that nalidixic acid somehow destroys or counters the effectiveness of the repair mechanisms promoted by chloramphenicol. It has been shown with a thymine-requiring strain of E. coli WP2 that the absence of thymine prevents the development of the resistance promoted by chloramphenicol (Doudney, unpublished observation) . This perhaps argues against a specific unknown action of the nalidixic acid molecule producing the effect. That nalidixic acid is exerting its effect on the chloramphenicol-promoted increase in resistance through preinduction of inducible repair enzymes appears unlikely, since protein synthesis is required for activation of the SOS system (20) . The modification by preincubation with nalidixic acid of the initial mutation frequency response in E. coli WP2 from an increasing rate to a constant rate, a change which has been ascribed to SOS preinduction (7), does not occur in the presence of chloramphenicol (unpublished data). Although current evidence supports the probability that DNA replication per se is responsible for the increase in resistance, this cannot be regarded as established. Studies are under way in this laboratory that bear on this question.
The progressive extension with incubation in chloramphenicol of the intermediate exponential section of the curve does not represent an increase in resistance (once induced) but rather a progressive increase with incubation of the fluence necessary for inactivation of an increased resistance mechanism. It should be remembered that survival curves which show a transition to an increased slope with increasing fluences cannot be explained by a bacterial population hetergeneous in resistance (11) . In such mixed populations, the more sensitive bacteria are inactivated first, producing a bimodal curve with a transition to a decreased slope. To account for a curve of the sort that we show here, showing transitions to increased slopes, it must be assumed that the capacity of individual bacteria to survive decreases as they are affected by increasing exposure to UV (11) . The progressive extension of the intermediate exponential slope caused by chloramphenicol pretreatment then indicates that the mechanism conferring resistance in each bacterium has developed during incubation with chloramphenicol a greater and greater capacity to resist effects of UV that lead to the specific inactivation of the resistance mechanism. Thus, the data suggest the accumulation in each bacterium during chloramphenicol pretreatment of multiple redundant components of some repair mechanism, all of which must be inactivated before the transition to the increased sensitivity represented by the final exponential region of the curve occurs. Similar considerations apply to the large and progressive extension of the shoulder observed with continued incubation with chloramphenicol longer than 20 min (unpublished data).
Our results with chloramphenicol-pretreated cultures exhibit a striking correlation between the two major transitions in the survival curve (i. (16, 17, 20) . Induction of the suppressor mutations to trp independence under study here depends on the inducible activity of the recA lexA system and has been ascribed to error-prone repair (20) . We therefore propose that both the increase in survival and the decrease in mutation are caused by the increasing development with preincubation in chloramphenicol of the resistance to UV inactivation of induced capacity for error-free repair of damage that otherwise could only be repaired by error-prone repair. We assume that each of the qualitatively different repair systems postulated above requires a different set of redundant repair components. The complete inactivation by UV of its set of redundant repair components would eliminate the possibility for the error-free repair effected by that repair system and lead to the surge of error-prone repair leading to mutation and the transition to increased slope of the survival curve. Logically, such protective repair components would have to consist of DNA that could supply the genetic information missing for error-free repair of the damaged DNA region containing the closely linked pyrimidine dimers. Since the protection from UV damage endowed the bacteria by chloramphenicol pretreatment appears to depend on DNA replication, it is difficult to escape the tentative conclusion that the protective repair components do consist of DNA.
The studies of the mutagenic and lethal responses with the overnight culture regrowing in fresh medium make it clear that incubation with chloramphenicol is not necessary to cause the changes in mutagenesis and lethality described above. Thus, expansion of the shoulder of the survival curve and prolonged periods of little mutation separating surges in mutation can be demonstrated with the overnight culture. Regrowth, however, reduces the expanse of the shoulder and the sections of little mutation greatly. When the cells approach the first synchronous cell division after DNA has doubled, the sections of little mutation reappear. This suggests the possibility that the highly protected condition is associated in normally growing bacteria with the end of the DNA replication cycle. Thus, inhibition of protein synthesis by any means, such as must come about with exhaustion of the medium with overnight growth, would interrupt growth toward the end of the DNA replication cycle (10) , favoring development of the protected state by formation of the redundant repair components.
